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PREFACE

This ;s the final report on the electromagnetic coupling analysis of the

Learjet aircraft that was used for ground pulse tests and flight tests in a natural

1lightning environment at Kennedy Space Center i 1977. This analysis effort was

performed for the Air Force Flight Dynamics Laboratory (AFFDL) under Contract

F33615-77-C-2058.

AFFDL conducted the ground pulse tests and ,h flight tests. An analytical

model developed for the Learje. was verified 1: L,-niparing selected data from the

ground pulse test to calculations made w~th '!ie :,ircraft model. The model was then

used to calculate internal cable responses tnat .ould be induced by nearby and directly

attached lightning. Both test data and anal','.i. results are presented in this report.

This report has been p-epared by the rnqi.,'ering Technology Group of the Boeing

Aerospace Companh. The Program Manager was D E. Isbell; the Project Engineer was

J. W. Schomer and the Principal Investigator •s Dr. D. F. Strawe.

The authors gratefully acknowledge th2 -- itributions of many people in other

organizations, whose participation made tho jccessfu, completion of this program

possible.

Mr. Paul Cork of Gates Learjet, Wichta, Kansas, provided invaluable assistance

throughout the program, supplying ccnfiguration details of the test aircraft

* required in the modeling analysis.

Mr. William Wadsworth of SRI conducted the cw measurements on the Learjet at

KSC and Mr. Rob Bly provided needed information on sensors and sensor wiring.

Mr. Robert Mason and other personnel of NASA Ames were particularly helpful

during the two on-site surveys of the test aircraft and in providing needed wiring

details of the experimenters equipment installations.

Mr. Larry Walko and other personnel in the AFFDL test organization provided

and reduced data from the ground tests and details of the test configuration.

The Project Engineer for the Air Force was Dr. John C. Corbi.,, Jr. (AFFDL/FES).
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SECTION I

I IITRODUCI ION

This report contains the results of an electromagnetic (EM) coupling

analysis of a Learjet that was used as a test aircraft for ground pulse tests

and flight tests in a natural lightning environment. Extarna, skin currents

and internal voltage and current responses are calculated for Loth the ground

pulse test environment and for directly attached and nearby lightning. The

calculated responses are compared to measured values for the ground pulse test.

1. BACKGROUND

In 1976, the first joint effort between AFFDL ard NASA to obtain informa-

tion on intra-cloud lightning and its effects on aircraft w~s iritiated as part

of the Thunderstorm Research Internationa! Program (TRIP-76) at Kennedy Space

Center. A NASA model 23 Learjet aircraft was instrumented (under contract to

Stanford Research Institute) to measure: statiz electric fields and electrical

transients.

In !977, an expanded joint program betwten AFFDL and NASA was conducted

at Kennedy Space Center as part of TRIP-77 dur~ig July and August. The NASA

owned model 23 Learjet aircraft was instrumented (under contract to SRI) vith

E and H field antennas, field mills, and skin current sensors, and special

cahle ruris were installed on the interior of thz aircraft to record induced

voltages and currents from nearby thunderstorms. Unfortunately, thunderstorms

were few and far between in Florida in July and August 1977. A. a result,

0 only a limited number of useful measurements could be made.

Concurrent with the 1977 flight program, a ground tesc program was

conducted by AFFDL on the aircraft. To simulate a nearby lightning field,

a high-voltage Marx generator was discharged near the aircraft and induced

transients from the radiated field were measured on skin surfaces and internal

circuitry of the aircraft. To simulate a direct lightning strike, direct

attachment tests from a high-current generaLor were conducted.



As part of the expanded 1977 program, the Boeing Aerospace Company

was contracted to develop and apply an EM coupling analysis of the aircraft

to predict and interpret magnitudes and waveforms of induced volta5e and

current transients on the skin of the aircraft for arbitrary simulated

lightning sources, the penetration fields that produce voltage sources on

interior cables and circuits, and the circuit responses to these sources.

2. OBJECTIVES

The overall objective of the effort described in this report was to

develop an analytica; EM coupling model of the Learjet test aircraft that

could be used to accurately predict induced transient levels on interior

wiring produced by a natural or simulated lightning environment. Specifically

the objectives were to:

a. Conduct a survey of the tes-t aircraft to obtain the configuration

data required to model the external coupling features, the penetrations, .and

the internal viiring where the induced transients were to be measured during

test.

b. Develop an analytical model for transfer functions (1) from an

external EM source to skin currents using the computer code WIRANT, and

(2) for penetration coupling and Internal wire responses using TRAFFIC.

c. Calculate responses to natural lightning and compare to test data

obtained during flight test.

d. Calculate responses to simulated lightning and compare to test

data obtained auring ground tests.

F2



SECTI ON II

rECHNICAL APPROACH

In modeling dircraft in an EM environment, the induced skin current

and charge densities are first calculated (Figure 1). The calculated skin

current and charge and the associated surface fields are used to drive the

surface penetrations (e.g., cables in wings, wheel wells and empennage,

windows, cracks around doors, skin joints, and other apertures) and the

skin itself when EM field diffusion through it is important. The penetrating

fields produce voltage sources in interior cable bundles. Energy is then

conducted in multiwire transmission line modes to interior equipment. The
1,2,3

techniques used to model electronic systems in a lightning environment

are virtually identical to those develooed over the pasc 10 to 15 years for

nuclear electromagnetic puise (NEMP) assessment once the external skin

responses are determined. The basic energy flow and model structure are

shown in Fiqure 2.

In this analysis, wire grid models4.5 of the aircraft are used to
calculate the induced skin currents for both directly attached and nearby
lightning. In the past, transmission line models have been used to estimate

the skin responses to attached lightning. That approach treats the liahtning

discharge paths as well as the aircraft fuselage and wings as a multibr-nched

transmission IIne system with an assumed lightning current imposed on the

lightning line sections. The wire grid approach treats attached lightning as

attached wire sections with an assumed 'ightning current and represents the

aircraft as a wire mesh approximation of itself. The wire grid model is capable
of providing more accurate estimates of the d;stribution of current and charge

over the aircraft exterloi Figures 3 and 4 show a wire grid model of a Learjet

aircraft In flight (with gear down). The same model can be used on the
ground by assuming an image plane under the gear (WIRANT 6)5. Not shown in

the figures are the wire segment radii which are chosen to properly represent

the Inductive and capacitive characteristics of the modeled surfaces. The

skin currents and charge are used :c, produce voltage drivers in excited

3
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transmission line models7 of wing (and other) cabling. Skin currents are

used with aperture models of windows and skin joints to drive interior

cabling. Both electric and magnetic coupling are included in these

penetration models. Representative models for the various penetration

mechanisn's are shown in Figures 5, 6, and 7. Detailed discussions and

derivations of these models are available in Lhe literature.

Detailed multiwire transmission line models (e.g., from the TRAFFIC

network code '10 ) are used to represent cable bundles. These models are

combined with the penetration sources to form Norton equivalent sources at

the interfaces between cabling and electrical and electronic equipment as

indicated in Figure 8.

Circuit models, damage and upset thresholds, and vulnerability
11

analysis procedures are the same as developed for NEMP. These may be

linear "Impedance" models wihen thresholds have been determined at a linear

Interface somewhat removed from nonlinear circuits or they may be nonlinear

(e.g., charge control or Ebers Moll models (12,13) for semiconductor devices)

if the interface is very near or tightly coupled to a nonlinear device.

The cable models and circuit models are merged and solved to determine

circuit responses. Normally, the modeling work is done In the frequency

domain. Transfer functions from the exciting EM fields or attached lightning

current to circuit responses are calculated and multiplied by Fourier trans-

forms of the excitation. The result is Fourier inve:ted to obtain the time

domain circuit responses. The solution can be accomplished in the time

domain with a nonlinear time domain network code such as CIRCUS If the

circuit models are nonlinear.

The Learjet was modeled for both flight test and the associated ground

test. The Internal cabling vfodel is applicable to both. Responses were

calculated on wires runn;ng to the right wing, to the tall, ind to the rear

belly area. The inter;or power cabling system is included in the model
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because the modeled wires were routed along and tightly counled to it.

Exterior lines running from the interior power system to an external

motor-generator turn out to be the major penetration in the ground test

"configuration.

The ground test configuration Is shown in Figure 9 along with a

WIRANT model of the aircraft, motor-generator, and the drive array.

The aircraft i; driven at its nose against a balanced array of wires

about five feet above ground running around the wing tips and connected

to the aft fustlage end. The WIRANT model of the aircraft is simplified

over the "in-fl iqht" model of Figure 3 to free a sufficient number of

wire segments to modei the drive array and motor-generator. The entire

model is taken over an image plane to simulate the erfect of the ground.

Ground losses were added as series resistors to the appropriate model

wire segments. Ground resistance calculations follow standard techniques

'imited ground parametric data were obtained from Patrick AFB; ground losses

became very important since no rebar was used in the hangar floor and pad area

where the ground test was conducted.

The measured input current pulse and its analytical fit are shown in

rigure 10. This current is imposed on the WIRANT model by inserting a high

impedance source in the appropriate array wire segment. Measured and calcu-

iated currents are discusseo and compared in Section III.5. The interior

cabling model is driven by coupling to exterior current and charge via the

wing cabling, the tail cabling, and by coupling to cabling in the cabin

through the windows. The primary caale drlve in the ground configuration

is cross coupling to the power cabling which is directly connected to the

external motor-generator. The cable model is described in detail in

Section 111.3. Measured and calculated wire responses will be presented and

discussed in Section 111.5.

13Ii13 *
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II

Tile in-flight model consists of:

I) 1he detailed WIRANT model of Figure 3

2) The penetration models of Figures 5, 6, 7, and

3) The cable model discussed in Section 111.3

without the external motor-generator cable and its associated

excitation.

For directly attached lightning, discharge simulating wires are

attached at selected attachment points and an assumed lightning current is

imposed upon one of them. The form of the model current is a double

exponential. An average initial cloud-to-ground stroke would have, according

to this model,(16) a peak current of about 20 kiloamperes (kA) with a time

to peak of about 1.5 microseconds and a time to half maximum of about 40

micro'c.onds. One percentile extremes would reach 200 kA peak. This lightning

model, with an average 20 kA peak, was used to drive the in-flight model by &

direct attachment (nose-wing tip) and indirectly by induction at 100 meters

distance. Calculated right wing and tail wire responses are shown in

Section ill.6 (Figures 38 through 40).

Measured in-flight data were examined for comparison, but did not

exhibit the natural resonance responses expected due to the very low signal

levels recorded. All records examined appeared to consist of instrumentation

noise. Amplification only enhanced the relatively slow instrumentation

noise. A: a result, the technical effort was limited to modeling the ground

test configuration and calculating certain internal aircraft wire responses.

I
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SECT!ON III

COUPLING A14ALYSIS AND RESULTS

I. EXTERNAL MODELS

External models were required to calculate the external "skin" current

and charge densities on the airnlane. Two distinct models were developed -

for the ground test and for the in-flight configurations. The models were

constructed from individual wire segments which formed wire grids or long

cylinders. Excitations were specified for each segment appropriate to the

particular environment for which the airplane response was desired. Currents

on the segments were then calctlated .ising the WIRANT computer code, which is

described in Section II.

In-Fliht Model

The in-flight model is shown In Figvres 3 and 4. The wings and tail

are modeled as gridded surfaces; the fuseiage is represented by a prism-like

approximation to a cylinder. The horizontal tail section is attached as

shown so as to model the hinge/jackscrew attachment details (pitch trim is

maintained in flight by moving the comolete horizontal stabilizer through
70).

Ntit shown in the figure are the wire segment radii which are chosen

for mesh segments to represent zhe capacitive or inductive character of the

modeled surface, Engines, tip tanks and landing gear segments use actual

average radii. Segment lengths and grid size were chosen to provide surface

current descriptions for any electromagnetic environment having frequency

components in the 0-20 MHz range.

I17
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Environments

I. Direct Strike

Attached lightning or a direct stroke environment was simulated

by adding additional segments at the forward end of the right wing tik tank

and the nose, representing the lightning column terminations. This attach-

ment configuration was chosen so as to ensure that maximum current would

flow on the right wing (exposed test w;res on rear spar) and on the forward

fuselage (large window apertures). The geometry, loading and sources for

the additional segments were chosen so as to impose a Pierce Criterion(16)

,loud-to-ground return stroke current of 20 kA peak, 50th percentile. That is

I (t) A (e-cit - _ aI

where A - 20.6 A 103 Amps

4 -1S- 1.7 x 10 secs

-* 3.7 x 106 secs-I

2. Nearby Strike

The nearby strike environment was represented by the electro-

magnetir fields in close vicinity of a cloud-to-ground lightning column.(7)

The azimuthal H field component, H , is described by

I i" (s) • ( )s/c
S2 °)

The corresponding radial • field is

60 (+ I -(+po)s/c

E(0+0 )v st
o• f s

I(s) describes the current after t 0 at elevation (z + z) as follows.
1

18



'I

IL( -(z+z ) Hs + 1/t)l~s " ------s)
Co vf

where I (s) is the Laplace transform of I (t) described earlier. The
L L

airplane was placed at 1000 meter elevation and 100 meters from the column

which is likely to be the distance of closest approach without being

directly struck. Parameter values were:

c free space velocity of propagation ('. 3 x 10 m/s)0

(Po +p) distance from column to centers of wire model segments

(Po- 100 m)0

(z+z ) distance from ground to centers of wire model segments

(z 1 000 m)

v f velocity factor on lightning column (.3)

t s attenuation height index on column (.5 x 10-4

The airplane was oriented in a "fly by" position i.e., the left wing

axis was pointed at the lightning colum, n.

Ground Test Model

The ground test model is shown In Figure 9. The airplane was driven

at its nose against a balanced array of wires about 5 feet above ground

running around the wings tips and connected together to the aft end

of tre fuselage. The pulser was connected to the nose and return wires

through a 20 ft drive line. Power fir onboard instrumentation during the

test was provided by a motor generator set connected through a power cable

', 23 feet in length to the airplane external power receptacle. All of these

features were of significance In determining how the pulser current distributes

on the alrcraft and were included in the model.

K) 19



The model of the aircraft itself, when compared to the in-flight model,

is greatly simplified - all meshing has been eliminated leaving a one

dimensional stick representation. This was required so that a sufficient

n.imber of segments weie available to model the additional features. The

entire model was placed over an image plane (o - -) to simulate the effect of

the ground. Segment lengths were chosen so as to be e!ectrlcally short (< X/6)

up to 20 MHz.

The simple cylinder representation for the w:ngs inadequately

modeled the ground capacitance; wing segments parallel to the fuselage are

therefore included. Similarly, vertical segments were added to the cylinder

representing the screen wires - in this case Zhe wing to scrEen capacitance

was improved. The screen array was in reality four small wires spaced

3pproxi'nal.ely 12 inches apart overall, The inductive behavior was well

re-presented by a '2 inch diameter cylinder.

The pulser, which was composed of 12 high voltage capacitors in

parallel, was modeled by an equivalent .5 uH lead inductance and 20CI pF

capacitance to ground. The measured input current and Its analyri fit ara

shown in Figure 10. This current was measured on the drive line side connected

to thp airplane nose. It was imposea on the wire model by inserting a high

impedance voltage source in the appropriate segment.

The power cart shown in Figure 9 wes modeled as an opeýn box 4 ft high

whose base is 6 inches above the ground plane. The cable connecting to the

airplane was a thickly insulated, 2 conductor type. It lay, 4or most of its

run, directly on the concrete. In lliv.: with past experience with cables

of this sort a characteristlc Impedance (Z ) of 1000 and velocity factor of

•.5 were judged appropriate. Segment radius, height and additional capacltanz=

to ground were then calculated. Adding additional capacitance to ground was

done by inserting segments connecting to the ground p;ane at three places

along Lhe cable. Thtse added segments were then capacitively loaoed. .1
23
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Losses

The entire model was placed over a perfectly conducting ground

plane. In reality, the ground inside the Patrick AFB hangar had no rebar

in the concrete and was composed of three identifiable layers - 8 inches of

unreinforced concrete, 10 ft of semidry sand below which was the water table

(sea water). Transmission line calculations with this configuration of ground

return and conductivity gave circuit Q's of 4 to 5.

No such loss mechanism in the ground plane can be directly included

in a W!RANT solution. Instead, equivalent loss calculations were made in an

approximate way for the segments in the model. Those lcsses were then included

by inserting resistors in many of the segment•.

Specifically, this calculation was made for e3ch large piece of the

model (e.g., the airplane fuselage) by calculating a Zo, then solv;,,g for th,!

loss required per unit length with the given Q using the approximations of

low loss transmission line theory. The wire return array skin losses were

Includeo by adjusting the conductivity of the sirg1. cylinder representation,

on an equivalent loss basis, i.e.,

a2 - a1 [4 DI/D2]2

where 02 adjusted conductivity for single big cylinler

01 conductivity for copper wire (4.8 x 107 mhos/M)

DI diameter of return array wires (#12)

D2 diameter of model cylinder

F Fie!d Cal:ulat ions

E).ternil "iskin"i current density measurements were made with

sensors located or the forward and aft fuselage, and on the wings. The

modified stick model of the airplane yielded a current which required division

21



by an appropriate perimeter factor to give an H field. H was subsequently

found by multiplying by jw before the inverse transforms were taken.

The fuselage perimeter factors were related in a straightforward

way to the local fuselage diameter, I.e., Pf * TO where 0 is the fuselage diameter

at the locations of the forward and aft sensors. For the wing sensors, the wire

segment current was nonuniformly distributed over a thin elliptical approximation

to the wing cross-section near the wing root. At distance x from the center

(measured along major axis)

H ( x ) a -
21TJ 2 -x 2 e2

where I - segment current

a - semi-major axis

e - eccentricity 1-7 /a2

2
b - semi-minor axis

2. PENETRATION MODELS

As indicated in Section II there are numerous "penetration" or entry

points through which exterior aircraft EM surface fields can enter the

aircraft interior. Analysis shows that, for the particular interior

responses selected for modeling, the major pen .rations are wing spar

cables, the cabin ../indows, and the external power cables (ground test only).

In order to facilitate measurement and simplify nodel data requirements,

wires were "layed in" along existing aircraft cabllng to field mill locations

at wing tank tips, tail, and forward and aft belly locations on the fuselage.

Excluding the ground power cables the only significant sources (or these

cables are the cabin windows and right wing spar fields. i

The penetration model for the cabin window (Figure 7) consists of

voltage sources in series with each modeled wire running nder or across the

windows. This is a Faraday voltage following the time derivative of the
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magnetic field leaking into the cabin. Also, electric field leakage through

the windows is represented by shunt current sources injecting (displacement)

current into each modeled wire. The cable source model is detailed in

Section 111.3 (Figure 13). The wires running under and across the windows

have sources determined by the model described in Figures 6 and 7. Specific

aperture susceptibility factors for 6b) were obtained from the expressions

of 6d).

The form of the right wing excitation model is indicated in Figure 5.

The cable bundle is dressed along, and about I inch above the rear spar.

The spar itself is recessed from the wing edge by approximately 3 inches.

This recessed geometry and the adjoining tifp (or aileron) structure provides

a substantially larger degree of shielding (Farada of the local electric

field than of the local magnetic field. For this reason, electric coupling

to the spar cabling has been neglected. This approximation has been

successfully used in most previous aircraft modeling programs at Boeing. As

indicated in the figure, the wing cable penetration model consists of series

distributed voltage sources in each modeled wire. At a given location, all

wire sources are identical functions of position along the cable run and

proportional to the local magnetic field on the wing H . The induced
5

voltage per unit cable length Is calculated from Faraday's law.

3V
s

---- " jwuhf H5

where h is the wire (bundle) to spar spacing and f is the shielding ratio

of the spar and wing exterior. The. ratio Mf) of exterior wing H field to

spFr H field threading the cable-spar loop was estimated here as about

1/3 o0" -10 dB In the flap up configuration. The cable model Is composed

of electrically short tandem transmission line sections of length L. A

single lumped voltage source V5 is entered into each section.

9V
V --- L

s DX
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In the ground test, an external power carr is used to provide power

to the on-board instrumentation. Cables from the -art penetrate !he-

aircraft near the hell hole door on the aft belly. !n add:tion to suoplying

dc power, they conduct large amounts of induced current (anproximately 30

amperes per cable) into this aircraft cabling system. The "penetration

model" in this case Is merely a direct connection through the aircraft

power connector of the Norton equivalent of the external cable at the

connector to the internal power system model within.

3. INTERNAL CABLE MODELS

The aircraft and cable configuration data required to construct a

coupling model for the Lear was obtained from drawings sup:lled by Gates

Learjet, Wichita, Kansas, at the beginning of the program, and from an

on-site survey of the aircraft before the tests at Kennedy Space Center.

Initially data was obtained only to model the special tesz cabling layed-in

for the field-mills and skin current sensors. Later when It was evident

from inspection of the ground test data that the cable to the power cart

was coupling large amnounts of energy Into the aircraft wiring, it was

necessary to survey the aircraft again after the tests ifere completed and

to visit the Gates Learjet plant to obtain needed details on the power

System wiring.

In preparing the aircraft for testing, test wire bundles were run

frcm the instrumentation rack located just opposite the door on the right

side of the cabin to field mill and skin current sensors placed on the

aircraft. The test bundles routed from the rack to both right and left

wings, forward and aft belly, and to the tall. Where possible, they were

layed in along side the standard Lear wiring taking advantage of existing

cable routing. Figure I! shows the cable routing In the aircraft.
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Each field mill required both a control cable consisting of a

bundle of ;<t,, conductors in an overall insulating shield and, like the

spin current sensors, a miniature coaxial cable. Two individual #22 con-

ductor test wires were carried along with each bundle and terminated at

the field mills. One waz terminated directly to aircraft frame in a short
circuit and the other to aircraft frame In a 68 il resistor.

The two individual conductors to the right wing were reconfigured

to run behind the flaps along the trailing spar of the right wing instead of

inside the wing box as in the left wing. They were tied in along with a

Lear bundle running along the rear spar and were terminated centerboard

on the winq in a short circuit and a 68 n resistor, like the others. Figure

12(a) shows a photograph of the two right wing test wires running with the

Lear bundle and Figure 12(b) a photograph of the wire terminations.

In the absence of coupling from the power system two major sources

of coupl~n6 to internal test cabling were recognized. The cable bundles

running in the cabin were exposed to coupling from electr~c and magnetic

fields Crom the windows acting as apertures. The individual test wires

r-conficured to run along the rear spar of the right wing received magnetic

fi. ld couplirng due to currents flowing on the wing.

The ct.,np!icat!ng feature of the aircraft dc power system resulted

from the confivuration of the onboard test equipment power system. This

power system :-]lowed for power to the test equipment to be drawn from the

main aircraft dc bus system or an external power source. The system was

controlled by a relay box mounted just aft of the "hell hole" door (aft

equipment bay door) and a switch control panel on the copilots side of the

cockpit. The two were connected by a seven individual conductor cable bundle

that was tight;y tied to the layed-in test bundles for length of the cable

run from the aft equipment bay up to the test equipment rack.
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a) Wires along flaps

II

b) Termination on flaps

Figure 12. Right wing test wires.
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During L.'- ground test the aircraft dc bus system was powered by

the external motot ."'nrF'tor with the experiment power system switched to

draw power from the dc Lus system. Consequently, external excitation at the

ground power connector pcetrat!on resulted In mutual coupling of power

system transients into the cýtt bundles. The close proximity of the aft

belly test bundle and terminati[n to power cables In the aft equipment bay

:Aso resulted in significant mutual coupling from the power system to that

cable.

In order to perform the coupling Analysis of the Learjet internal

cabling system the PRESTO system of comput:e" codes was employed. PRESTO

consists of a unified set of application codes, each performing a specific

step in the analysis procedure.

In this analysis, the application code WIRANT was first used to

derive the aircraft external currents for both Qround test and inflight

configurations. The data editor, PRIDE, was then used to modify the calculated

external currents by analytical expressions that relate those exterrial currents

to induced voltages and currents on the exposed internal cabling. The appli-

cations code TRAFFIC was employed to mode! the Intern&l cabling of the aircraft.

The TRAFFIC output contained the voltage and current measurements at the desired

test points. They were, however, in the form of frequency domain spectra and

had to be transformed Intothe time domain by DRIFTR, thc Foi•ier transform

package. The CAPSULE code was then employed to provide time and frequency

domain plots of the output.

in building the computer model of the alrzraft internal cabling

botn TRAFFIC and Its adjunct, TML, were employed. TRAFFIC (Transfer Functions

for Internal Coupling) was created to perform frequency domain analyses of

linear electrical networks. The TRAFFIC Modeling Library (TML) consists of

a set of analytical equations that were used to calculate electrical equivalent

circuits of multiwlre transmission lines (cables) and the coupling of the

transmission lines to an electromagnetic field environment. TML provided
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the transmission line equivalent circuits of the cables for use by TRAFFIC.

The equivalent circuits of the loads terminating each cable were input into

TRAFFIC as discrete resistor, inductor, and capacitor elements.

The transformation of the physical configuration detailed in

Figure 1I into a computer model is shown in the TRAFFIC block diagram,

Figure 13. The blocks labeled *MWTL are muitiwire transmission line

equivalent circuit blocks modeled using TML. The other blocks represent the

equivalent circuit loads of the cables. Each transmission line block models

a discrete section of cable. The nodes on each block correspond to individual

wire conductors or groups of conductors shorted together in the common mode.

The nodes on the transmission line blocks and loads are then connected

together in a manner that is topologically analogous to the physical

configuration. The cable paths from the bottom of Figure 13 to the top

correspond to:

Test equipment bay to left wing

Test equipment bay to right wing

Test equipment bay to tail

Test equipment bay to aft belly

Experimental power switch panel to experimental power relay box

Cabin circuit breaker panel to dc bus system

For example, the photograph of the cable section running along the

rear spar of the right wing (shown in Figure 12(a)) is modeled by blocks

RWBA, RWBB, and RWBC. The nodal pairs 1,13 represent .,he Lear bundle (common

mode) and the two pairs 11,23 and 12,24 represent the Individual test wires.

The cable is terminated In block RWLOAD.

Previous experience ni' modeling aircraft internal cabling has shown

that a reasonable treatment for cable bundles where information is not

known about all of the terminations is to treat them In the common mode

and apply 20 Q as a bulk load for the cable terminations. The Lear bundle

along the right wing was treated in this manner as were others In the model.
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The model is driven by four source blocks for the ground test

configuration. Blocks AA and BB model the distributed magnetic coupling

of the right wing wires. The WINDOW block provides the electric and magnetic

field aperture sources to the cabin cables. Block GPU is a Norton equivalent

circuit of the ground power unit penetration to the dc bus system. This

block was replaced by a small impedance to frame for the inflight model.

For a short description of the function of each block in the model ste

Appendix A.

The calculated responses were made in block TESTBAY for the right

wing, tail, and aft body test wires. The wires that were far-end terminated

in a short circuit were measured for short circuit current and the wires

far-end terminated in 68n were measured for open circuit voltage. The

short circuit current and open circuit voltage measurements were performed

simultaneously for the right wing and for the tail. Only the short circuit

current was measured for the aft body.

4. MODEL INTEGRATION

The external WIRANT model was used to calculate the airplane

skin currents given the external environment and connections (111.1). The

internal TRAFFIC model predicted voltages and currents at specified nodes for

an arbitrary source in the network (111.3). The currents found in the external

model were related to the sources in the internal model by the penetration

transfer functions (111.2).

Initially the external and internal models were constructed, checked

out and run Independently. Port impedance calculations (measured voltage

for unit current source) were used to verify the Internal model. When both

models were workiny satisfactorily, the external model currents were stored

on computer disc files and accessed as required by the internal model. The

Internal model set-up routines contained the penetration transfer functions

which were required to calculate sources. On-going development of both

models could then proceed, with a new WIRANT current file saved at appropriate

t imae.
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5. GROUND TEST CALCULATIONS

a. Exterior Responses

The structure of the wire array used to drive the aircraft is

indicated in Figure 9. The array input current I was measured and
DRIVE

serves as a source current for the model. Strictly speaking, since the

pulser and aircraft are coupled to ground, both a line to line (differential

mode) and line to ground (common mode) modes exist on the two drive cables

connect~ng the pulser to the array. In consequence, it is necessary to

measure (and specify to the model) both drive cable currents. This was

not done; only one current was specified to the model as a source with a

resulting high frequency error in the model. In addition, the drive current

record used was in the form of "scope photos" with time scales 2.5 and 25

microseconds per division. This gives inadequate resolution of the initial

p-hase of the pulse and In turn the HF (f > I MHz) part of its spectrum. To

exemplify this fact, a second data fit was used for all model calculations.

This Is a triple exponential with third turning frequency of 2.5 MHz. It

starts in a more physically credible manner with zero slope at the starting

time but follows the data closely everywhere. The double and triple

exponential curves are compared in Figure 14.

The ueabured array drive current and its double exponential

curve fit are shown in Figure 10. Time derivatives of forward and aft

belly skin current densities were measured as well as that of the right

wing underside. These measured data are shown in the upper plots in Figures

15, 16, and 17. Their calculated counterparts obtained from the "stick model"

of Figure 9 are shown In the bottom plots !n these figures for double

exponential drive. Response to the triple exponential responses appear in

Figures 18, 19, and 20. All these exterior aircraft skin current density

data were kept In the time derivative format of the measurements (rather than

integrating to yield skin current densities) because that format better displays

the high frequency components which dominate Interior cable responses.
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S PAGE IS BUT QUALITY

iJWAGOPL JA RISHMTO DDC
The power cart cable current was not measured but the calculated

current is displayed in Figures 21 and 22. This power cable system is very

important for two reasons. First, the cable adds large amounts of ground

capacitance to the fuselage depressing the first aircraft array component

resonance to about 2 MHz. It would have been about 4-5 MHz with the cable

disconnected. The unperturbed (in-flight or on-ground) first aircraft

fuselage resonance is about 10 MHz. The major exterior system resonant

frequency has been perturbed by nearly a decade by this simulation geometry.

Second, the approximate], 30 Amperes of resonant (2 MHz) cable current

is conducted directly into the interior power system. Interior measured

cabling is tightly coupled to the power system cabling so that all

measured responses are dominated by this bogus current.

The agreement in measured and calculated skin current density

derivatives can be considered good. It is typical of that which can be

expected from wire grid riodeling of systems of this degree of complexity :

where the system geometry has few uncertainties.

The major uncertainties in the external model were ground

conductivity and water content and the high frequency pulser drive. The

fact that the concrete floor of the hangar and the pad contained no

rebar made the ground constituent parameters very important in determining

the aircraft response - especially the resonant Q's and ringing times.

With rebar, electrical losses and Q's would be set primarily by radiation

and secondarily by ohmic losses In array wires and rebar - approximately,

Q - 50 at the 2 MHz resonance. With 0.02 mho/meter ground conductivity

under an essentially lossless concrete slab, the Q drops to 4-5 due to

ground losses; essentially that observed. The conductivity value of

a - .02 was estimated considering the ground to be damp local sand with a

fair salt content down to a saltwater table at a depth of 10 feet. It may

be noted that this number is essentially the same as for high conductivity

midwestern and southern faim land with fair water and nitrate content.

Also, It Is Interesting to note that It Is approximately the geometric mean

of the conductivities of Its constituents: sea water (a - 4) and sand

(a - 10 4). It is emphasized that this number is merely a reasonable an6
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fortuitous guess since no ground conductivity data for the site was available.

Calculations for the effective ground loss resistance to be added to the

wire grid segments follows standard procedures

The fine structure of the data can be improved by going to a more

complex wire grid model such as the "In-flight" WIRANT model of Figures 3

and 4. This will allow a more realistic distribution of current over the

perifery of the wings and fuselage. This would be extremely costly when used

with a detailed drive array and pulser model. Many of the essential features

of the more detailed solution can be added to the simpler stick model

solution by recognizing the current distribution characteristics of the

various model constituents of the solution. In particular, the 2 MHz and

10 HHz aircraft-array resonant modes have very different current distributions.

The aft body skin current (derivative) of Figure 16(a) consists

primarily of 2 MHz damped sine due to the power cable-aft fuselage resonance

riding on a positive offset following the drive current (derivative). The

aft body response is well represented by the calculated responses of Figures

16(b) and 19 though subtle differences exist. The dashed part of the measured

data (Figure 16 (a)) Is of uncertain quality and should be ignored. Figure 16(b)

represents the unprocessed stick model current with double exponential drive

normalized to the local fuselage perimeter. Figure i9 represents a modified

model caiculation correcting for the surface current distribution of the 2

MHz damped sine current Injected onto the fuselage by the power cable near the

aft sensor; the triple exponential was used here. The latter curve shows

enhancement of the sine term relative to the offset and crosses zero better

approximating the measured data.

The wing current density measured at the aft edge of the right wing

response (Figure 17(a)) consists primarily of wing-wing and wing-to-nose

resonances near 10 MHz, some 2 MHz current charging wing capacitance, and

a negative offset following the drive current (derivative) due to the

inductive spreading of fuselage current onto and off of the wing near its root.
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The offset term does not exist in the basic model solution of Figure 17(b)

since the single wing cylinder model can not support the spreading current.

This term is added in Figure 20 by adding in a calculated negative fraction

of forward fuselage current. Figure 20 also uses the triple exponential

drive.

The power carz cable has a bulk current of approximately 60 amperes

peak. The calculated responses for double and triple exponential drive are

shown in Figures 21 and 22. This response is essentially a damped sine at

2 MHz. No offset terms are present tecause the cable Is an open ended

filamentary conductor connected at a single point to the fuselage. One of

the two conductors enter the aircraft and attaches directly to the power

bus. This produces a Norton source of approximately 30 amperes on the power

bus.

The forward belly skin current (derivative) appears in Figure 15.

It consists of the same basic terms as the aft belly measurement except that

the 2 MHz term Is much reduced. This is true because the forward fuselage

is merely the feed line for the parallel resonant aft system where aft

fuselage and drive array furnish the inductance and the power cable and *jings

furnish the capacitance. The aft circuit appears to be high impedance at

2 MHz and low impedance below the resonance where the offset term is constituted;
this resuits in little 2 HHz current but an offset current equai to the drive

current. It is easily seer, that both of the fuselage current terms have

an offset term equal to the drive current derivative normalized to the local

fuselage perimeter confirming the measurements.

b. Interior Responses

Five measured interior responses were available on the layed-in

cables at the experimenters rack. They include open circuit voltages and

short circuit currents on lines to the right wing, the upper tall, and

aft belly field mill on the "hell hole" door (current only). These measured

and calculated data are shown In Figures 23 through 37.

414



I-4

."

-445

0 0~ .1 I.S 2 0 2l 3.0 316 41.0 4.6 5 0

a) Ground test data

0.0

b) Calculated response

Figure 23. Right wing wire short-circuit currer0t.



- 120.

N -140.

c -160.

*o - t60.

.t-200.
E
at -220. 10- 10-• 10- - - 0 lot 0 10

Frequencylt megshOrtz)

.25 . . .

.20

.16

.10

.05
•tOS

I- -: ............
- 0. .. 2. 3. ., 5.

Time ( microseconds

Figure.24. Calculated right wing wire short-circuit current
(triple exponential).

46



1

I
U,

4)

I,,

4)

0.
0.

In

4)

2

4)

4.)

I-
4)

4.'

C
4)
I..

- 'A1�4.)

4.)

4.)

0

U,,TI a'C

3
-A

a'

L

'V
4)

'U

4.)

'U
4-)

U'
(-J

4)
4-

0'

3 U.

c
0

3aw *PfI�]tWU

17



'I

. . .I. . . . 2 2. .. 5 3A LO

a) Ground test data

b) Calculated response

.5gure 26. Aft belly wire short-cIrcult current.

48



I

"0 -123.

-180.

-00

S-2m0

a IN7~"o~Tr 10o-10

126.

100.

76.

nn.

-26.

"0 x -60.
•- :1 -75 .

- -100.

0o. 1 2. 3. 4. S.

Time Viaseo•d

Figure 27. Calculated aft belly wire short-circuit current

(triple exponentia;).

49



4)

4)
I-
a.
a.
U,

4)

I-

4)

U

I-
4)

A
C
4)
I-
L.

U

UI-

.3 U

L.
0

I-
U,

4)
I-

3

4)
-t

U

'U

4)
I-

hi

I....I....I...............I....a...... .�'

'4.

C

L 50



- 4 sf2. a03 
4.8 -

a)Ground t@5t data

04

b) Calculated resPofl, 
4,

Figure 29. Tall wlrel short-circuit current.if 51



S-L40.
N

"-- -160.

9.
'- -180.

(_
o -200.

*t -240. 0,o L . ' lo-i 0o-1 '""o-I .... ? ' '""'100' lot "" D2

FrequencyL megepertzI

.-2-

.*6

.20

" .05
0.o

F W . 1, NI-.06

S-.tO

,262

0: .• 3'... .

Time vimcroseconds

Figure 1.0. Calculated tail wire short-circuit current
(triple exponential).

rj2



'I

I-I

€0

4_/L

1 1u

! 4,

4.1

• 8. •

S4,

'I.

.3 I.



30

4. OHM LING

10

a 0CI 1.0 I's 2,0 24 3.0 Is 4.0 4. 6.0

a) Cround test data

2. f A

V .
S -.

4.

.0. . 3. 4.

nhm I ommum I

b) Calculated response
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All of the short circuit currents have similar form and level. This

is not surprising since each of these lines have similar runs, terminateon,,

and the same principal excitation sources. Each is coupled to the power

system and receives oscillatory response primarily from it. The oscillatory

response is dominated by the 2 MHz external response, the half wavelength

resonance of the individual wire involved (7-12 MHz) and quarterwave

resonances (3-4 MHz) of the large numbers of cable wires which are open on

one end and essentially grounded on the other. These latter cross-couple

currents onto the observed lines once driven by the power system.

The currents all show an offset term following the drive current.

This results from magnetic coupling thrc-,gh the cabin windows between the

forward fuselage current and observed lines. In the later time of the

plots and at the lower frequencies which constitute the response there, the

observed lines, being shorted at both ends during the-measurement, are

inductive loops responding nondispersively to the magnetically coupled

external current. This can be seen as follows: some of the magnetic field

from the external current penetrates the windows and threads the wire loop

formed by ground wire ends. The induced voltage is V - jM IDRIVE* The

loop impedance is approximately Z jwL so that the short circuit current

becomes

V M RIVE H
sc Z jwL L uRIVE

The aft belly wire short circuit current Is more heavily dominated

by the 2 MHz power cable current due to greater exposure along its run to

the "hell hole" door area where the power cable enters.

The voltage responses do not show tails (offsets) since they were

measured on lines terminoted In 68 and 50 ohms (instrumentation). For

these, the power system Is the only significant source. The primary resonances

observed are due to the 2 MHz external resonance and quarterwave cable

resonances (3-4 MHz).
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The measured and calculated responseF show the same major

frequency constituents although not precisely in the same amplitude

proportions. The calculated cirrents tend to be high, 6-10 dB, in their

half wave wire resonance responses due to overcoupling and mode degeneracy

in the interior cable model. The form of the cable model used was such

that all wires within a given cable bundle section were equally coupled to

every other. This was not precisely the case (hence model overcoupling)

in reality. Also, model simplifications Included large numbers of parallel

wires reduced to a single equivalent wire to reduce model conductor number

and matrix order. This does not allow the proper splitting of cable mode

resonances and the effective loss and decoupling which results. A more

detailed model would have improved the calculations. Calculated voltage

responses also show the effect of model simplification.

To illustrate the importance of the HF spectral content of the

drive, each measured response is shown with the calculated counterpart for

the double and triple exponential drive currents previously given in

Figure II.

The dominance of the power system conducted signal .s demonstrated

for each interior response by suppressing the power cable Norton current

source in the internal model. This would be the result of filtering the

incoming power cable from the power cart. If the power cart had not been

used, yet another result would have been obtained since the 2 MHz resonance

would have moved up to approximately 5 MHz.

I 6
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6. LICHTNING RESPONSE PREDICTIONS

The external cable moJel developed for the ground test configuration

was u..ed to predict responses due to directly attached and nearby lightning

in an in-f'ight environment. As described in Section I1, the lightning

current assumed was P;erce's (16) 2C kA nominal return st:oke current with

1.5 and 40 ;.s time to peak and half values, respectively. The direct attach

geometry ;ncludes Attachment points at nose and right wing tip. The nearby

envircnment assumes a vertical discharge column off the left wing tip at

distance of 100 meter5 to the aircraft center. This distance seemed a

reasondble "wo-rst-case" range since the probability of closer discharges

not involv,..g actual aircraft attachment seemed s(.1all.

In the d;rect attach case, unlike the ground test, large lightning

currents flow on the wing as well as the forward fuselage. The coupling of

jing current to the wing cable is much stronger tha- coupling via the cabin

windo.s to fuselage current. In consequence, as can be seen from Figures 38

and 39, the wing wires show much greater response than the.tail wire which

is excited only by the cabin window. The wing response is dominated by

terms following the lightning current (I sc) and its derivative (V a). The

tail wire responses contain the same constituents (though more than a decade

smaller) but also contain relatively larger proportions of HF cable resonant

compor-';:s due to preferential cross coupling to the hotter wing wires,

The response of the right wing wire, to nearby lightning is shown in

Figure 40. In this geometry the external fields are approximately two orders

of magnitude sinaller tnan in the direct attach case because of the range factor.

Also, in this case, the incident electric field (radial) is directed along the

wings. The peak value of this field is approximately 40 kV/M. It excites

The external resonance and drives the wings capacitively below the resonance.

The incident H field follows the lightning current and indures external differential

mode currents and wire short ci.cuit currents which do the same. The field

configuration enhances the HF resonances of the aircraft over the differential
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modes, in turn, increasin9 the relative level of the resonant responses of the

cable itself c~mpared to the current and current derivative terms.

The conclusion to be drawn frori these curves ara that nominal lightning

can be a serious threat to aircraft when directly attached. Nearby lightning,

if severe (100-200 kA with peak rise times under 1 iisec) may cause circuit

upset but is not like!y to cause circuit damage.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

A detailed discussion of the ground test configuration and the nature

of the resulting exterior and interior responses as well as their calculated

counterparts has been given in earlier sections. The most significant

conclusions are listed here.

1) The configuration of the aircraft, drive array, and

pulser (Figure 9) altered the aircraft resonant

response significantly - with or without an external

power cart. Natural aircraft resonances (in-flight or

over ground) approximate 10 MHz. With the drive array

and without the power cart the first resonance drops

to approximately 5 MHz. With the power cart (ungrounded),

It drops to the observed 2 MHz.

2) Principal internal cable resonances fall in the 3 to 12

MHz range. If an external resonance falls on (or near)

an internal cable resonance, internal responses increase

greatly. Simulation of the proper natural external resonant

frequencies is important if the resulting time domain data

is to be extrapolated to some environmental criteria level.

3) The power cart capacitance :unes the external aircraft to

resonance at 2 MHz and Injects half Its current (30 amperes)

Into the interior power system. This current couples to the

measured cables and dominates other sources in measured/

calculated responses by 30 or more dB in the HF range. This

prectudes use of the measured data for extrapolation to

lightning criteria since normal penetration sources are

obscured by a bogus sourcen
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4) The drive current injected into the array at the pulser

is required for data extrapolation. Actually, two lines

over ground connect the pulser to the array system and

the large pulser capacitors have a fairly large ground

capacitance. At HF frequencies it is necessary to

measure (specify) the currents in both leads since both

common and differential modes can exist on the two wire

feed line. Only one line current was measured; consequently,

only this current was enforced on the model resulting in

some high frequency model error.

5) The measured drive current was given as two "scope"

photos with 2.5 and 25 microseconds (ws) per division.

This allows resolution of the resultant HF spectrum to

about 1-2 MHz. As shown In Figure 11, it leaves very

substantial ambiguity in the drive spectrum above 2 MHz.

Since, for this size of aircraft, exterior natural

resonances approximate 10 MHz and Interior resonances

span 3-12 MHz, the resolution of these photos is inadequate.

0.5 lis/div. is appropriate here.

6) The fact that the power system became the principle cable

drive mechanism, by cross coupling to power (cart) cable

conducted currents, greatly complicated the modeling effort.

When the measured cables receive the same drive as all others

(cabin window and wing spar field penetration, for example)

the modeling is simplified. Each measured cable can be

modeled essentially separately with an empirically based

common mode bundle model used to account for the loading

effects of adjacent cable conductors. This assumption Is

the physical basis of the efficient and economical SINGLIN

code When the source is cross coupling to a "hot"

cable system the process is greatly complicated since the

entire cable system must be precisely modeled so that the
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voltages and currents on the "hot" cable system can be

accurately determined over the entire active run in

common with the measured cables. In this case, the modeling

effort and model size were increased by more than an order

of magnitude,

7) The absence of a ground screen or rebar in the concrete

floor greatly affected the Q of the 2 MHz system resonance.

Over a ground screen, it would have been approximately 50 due

to reduced radiation at the low resonant frequency. A

ground conductivity of 0.02 mhos/meter was assumed based

upon ground conductivity maps and a limited knriwledge of

the area. Calculated ground losses were added to the model

based upon the above conductivity yielding essentially the

observed (measured) Q of 4-5.

-) Agreement between measured and calculated external skin

currents is good, p:rtfcularly, after correction for modei

current distributions not calculated by the stick model.

9) Agreement for irzerna* responses Is acceptable and

representative of that normally obtained for systems of

this complexity. All major resonant and tail (offset)

responses were present in the model calculations. The

levels of these constituent terms can be "improved" by
increasing the complexity (and cost) of the internal mode;.
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Recommendations for future tests include:

1) Use of on-board battery power to avoid perturbing effects of

external power cables.

2) Selection of a simulation geometry to maintain the frequency

and Q of the most significant external resonances.

3) Selection of drive current waveforms. When the goal is

determination of interior cable response to attached

lightning, the HF spectrum is most important and, therefore,

the drive current time derivative at time zero (for double

exponential or damped sine currents) is the important

parameter to set, not peak current.

A geomet-rical configurat!on which tends to maintain the basic aircraft

resonances and reflections between simulated lightning columns and aircraft

is shown in Figure 41. The feed and termination lines are connected at the

selected attachment points. Wire size and proximity to ground are chosen

to approximate the characteristic impedance of the lightning columns in the

early time (300-600 ohms). The attached lines are terminated in that character-

istic impedance at load and pulser to minimize reflection. The entire system

is plaed over a ground screen to minimize uncertain ground losses, keep

propagation velocity near c , and provide a controlled low inductance return

in later time. The aircraft may be blocked up or installed on a wood ramp

to minimize gear ground capacitance. This approach is suitable for low to

moderate level pulse drive as well as cw. The relatively large resistive

impedance of this setup precludes high current testing, but, as previously

mentioned, peak current is of secondary importance in relation to current

derivative (rise rate).
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APPENDIX

INTERNAL TRAFFIC MODEL BLOCK DESCRIPTIONS

AA,BB Distributed magnetic field source blocks for conductors

running along the rear spar of the right wing

AFTBLK Tail field mill bundle and test wires running from the aft

equipment bay into the tall cone

AFTEST Aft belly field mill bundle and test wires running in aft

equipment bay

AFTLOAD Equivalent circuit load for aft field mill bundle and test

wires in aft equipment bay

80ALOAD Equivalent circuit load for right wing field mill bundle

at tip of right wing

CABLOAD Bulk load cabin termination for right wing Lear bundle

CABRUN Bundle of right wing, left wing, tail, and aft belly field

mill bundles and test wires running inside the cabin

CBPANEL Copilots dc circuit breaker panel equivalent circuit

CONTBOX Copilots experimenters power system switchbox equivalent

circuit

CONTRUN Experimenters power system control cable running in the aft

equipment bay

CONDSEC Tail field mill bundle and test wires running inside the

protective conduit inside the tail
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APPENDIX (Continued)

CONDUIT Outside model of the conduit in the tail

DCFEED Main dc power feeders from the generator control panel -

dc bus system in the aft equipment bay to the copilots

circuit breaker panel

ENDWING The continuation of the right wing Lear bundle to its

termination at the end of the wing

EXPCON Experimenters power system control relay box equivalent circuit

EXPPWR Experimenters power system control cable running inside cabin

from the windows to the copilots control switch box

EXPRUN DC power cable connecting the generator control panel to the

experimenters power relay box

EXTPOW DC power "able connecting the ground power unit connector to

the generator control panel

F'WDLOAD Equivalent circuits for the dc loads on the cop;lots circuit

breaker panel

GENCON Generator control panel - dc bus system equivalent circuit

GPU Ground power unit Norton equivalent circuit

HHBUND Aft belly and tail field mill bundles and test wires and

experimenters power control bundle running In the aft

equipment bay

HHSOURCE Mutual coupling source from ground power unit cable to

aft field mill bundle and test wires
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APPENDIX (Continued)

I"STLOD Bulk load for the Lear sensor cables from the tail

terminating in the cabin

INN Equivalent load for experimenters power inverters

INVRUN Power cables connecting the experimenters control relay

box to experimenters power inverters

LWLOAD Equivalent circuit loads for left wing field mill bundles

and test wires

LWTEST Left wing field mill bundle and test wires running inside

left wing box

RWBA, RWBB, Right wing test wires and Lear bundle running along rear

RWBC spar of right wing

RWBOX Right wing field mill bundle running inside right wing box

RWLOAD Equivalent circuit termination for right wing test wires

and bulk termination for right wing Lear bundle

SENSBND Lear tail sensor cables running from the tail cone to the

forward cabin

SHNTLOD Bulk load for miscellaneous cables running behind the test

equipment rack In the cabin

TESTBAY Equivalent circuit terminations for right and left wing,

tail, and aft belly field mill bundles and test wires at

the equipment test rack in the cabin
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APPENDIX (Continued)

TESTBND Right and left wing, tail, and aft belly field mill bundles

and test wire cable section running from the test equipment

bay to the windows

TLOAD Equivalent circuit load for the tail field mill bundle and

test wires at the top of the tail

TOLOAD DC power cables running from cupilots circuit breaker panel

to dc loads

TOPTAIL Tail field mill bundle and test wires from the top of the

tall conduit to the tall termination

WINDOW Electric and magnetic field source coupling from the window

aperture

WI/BUND Right wing field mill bundle and test wires running through

the wheel well

WWCAB Right wing Lear bundlh running through the wheel well into

the cabin
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